ABSTRACT
INTRODUCTION
Nowadays, green materials have an increased demand in product and process development due to the depletion of fossil fuels and its corresponding fluctuation price. Lignin is one such green material which is polar, complex and amorphous. Structurally, lignin is a highly branched natural polymer, composed of monomer units of coniferyl, sinapyl and p-coumaryl alcohols [1] linked through a variety of carbon to carbon and ether linkages [2] which are responsible for the protection of the plant from weather, fungi and insects. Lignin consists of huge amounts of aromatic units and various functional groups such as hydroxyl, methoxyl, carbonyl and carboxyl [3] . The variation of functional groups and linkages in the structure gives rise to different lignin properties [4] . For that reason, lignin can only be used for certain applications depending on its properties. However, this limitation can be altered via modifications which affect its physical, chemical and thermal properties [5] .
Pouteau and co-workers had treated lignin with acid and found that the aliphatic content and polarity of the treated lignin decreased after modification [6] . This is due to the formation of benzylic carbocation which removed aliphatic hydroxyl thus affecting the lignin´s polarity. On the other hand, the miscibility, texture and structure of lignin could be improved by using lipase and ethyl oleate in ionic liquid [7] . The function of lipase is to catalyse the esterification process on aliphatic or phenolic hydroxyl. Meanwhile, ethyl oleate will act as acyl donor during the reaction. The ionic liquid is used in order to dissolve lignin as well as to retain and/or increase the lipase reactivity. Youming et al. found that 8.1 wt% phosphorous -7.2 wt%-nitrogen lignin has better thermal stability and flame retardant capabilities compared to pure lignin [8] . Both grafted phosphorus and nitrogen are obtained from phosphorus oxy chloride (POCl 3 ) and imidazole triethyl (Et 3 N) amine respectively. Vanderghem et al. reported, formic/acetic acid pre-treatment caused b-O-4 bonds and aromatic C-C to be disrupted thus contributing to the purity as well as the antioxidant activity of the lignin [9] . The antioxidant activity of the lignin increases due to the liberation of free phenolic group which only occurs at temperatures higher than 107°C.
Esterification is an example of lignin modification that involves the reaction of hydroxyl group in the lignin constituents with a suitable chemical reagent. Previous study showed that the esterified lignin has a wide range of applications. The utilization of esterified lignin as a coupling agent in black spruce bark/ high density polyethylene improves the flexural modulus of elasticity up to 59% [12] . In another study, the paperboard was double coated with 3.9/m 2 thickness of esterified TOFA-lignin. This had dramatically reduced the water vapor transmission rate to 260 g/m 2 ´ 24 hrs [13] . In addition, the thermal properties of the blended polymer composite filled with esterified lignin increased from 156°C to 159.4°C and 170.4°C depending on the type of anhydride used [14] [15] [16] . The wood hydrophobicity and oleophobicity improves significantly with temperatures of 120° and 140° respectively [17] . To sum up, the esterified lignin was proven to boost the performance of the target utilization application, compared to the lignin without esterification. However, the esterification process in itself used various catalysts, lignin types and different chemical reagents and solvents depending on the type of application.
Most of the research had successfully conducted the lignin esterification process by monitoring the effects of catalyst, effect of chemical reagent (e.g Enhanced thermal stability of esterified lignin in different solvent mediums different type of anhydride), temperature, reaction time and type of lignin. None of the previous studies sought to compare the effects of esterification solvent. The reaction medium is very important as it affects the esterified samples' properties, chemically and thermally. Pyridine and aqueous alkaline has different properties and performances as solvents. Hence, it will give obvious effects on the solubility of the samples which influences the properties of the samples as well. The aim of this study was to determine and compare the physical and chemical properties of esterified soda lignin from oil palm empty fruit bunch (EFB) and kenaf core (KC) fibres prepared in unadulterated aqueous alkaline and pyridine solutions. Lignins from EFB and KC were used in this study due to their abundant availability as well as being regarded as one of the most important commodity in Malaysia.
EXPERIMENTAL

Materials
Black liquor from kenaf core (KC) soda pulping was acquired from Forest Research Institute of Malaysia (FRIM). Meanwhile black liquor from oil palm empty fruit bunch (EFB) fibre was the product of soda pulping with 20% alkalinity. Ethanol (95%), pyridine, maleic anhydride (99%), hydrochloric acid (37%) and sodium hydroxide (99%) were purchased from Systerm, Acros Organic, Sigma Aldrich and R&M Chemicals respectively.
Purification and Esterification of Lignin
The pure lignin was extracted from the recovery of soda black liquor by a two stage precipitation process of hydrochloric acid. At the first stage, 900 ml ethanol was added into the 300 ml black liquor after it has been acidified to pH 6 in order to isolate the degradation products. Then, the degraded products were filtered and the excess ethanol was removed by rotatory evaporator with a temperature of 70°C. Again, the black liquor was acidified for the second time by lowering its pH levels to pH 2. The precipitated lignin was thoroughly washed with acidified water, hot water and n-hexane to remove the salt, residual sugar and wax respectively. The pure alkali lignin from oil palm empty fruit bunch (EFB-AL) and kenaf core lignin (KC-AL) were freeze-dried for 24 hours before further analysis.
The esterification in pyridine was carried out as reported by Sailaja et al. (2010) [16] with minor modifications. The 1 g of the respective EFB-AL and KC-AL were reacted with 2.8 g maleic anhydride in 9 ml of pyridine under a reflux system at 120°C in pyridine and stirred continuously for 3 hours. The reacted lignin was washed repeatedly and filtered before they were precipitated with dilute hydrochloric acid. The esterified lignin was named as EFB-EL.
For esterification in aqueous alkaline, the method was executed as reported by [17] with minor modifications. The 1 g of both EFB-AL and KC-AL were added into the 20 ml of water with the adjusted pH of 8.5-9.0 together with 2% sodium hydroxide solution. After the first 30 minutes, 1 g of maleic anhydride was added into the solution and the stirring continued at room temperature. After 4 hours, the solution was precipitated with hydrochloric acid at pH 3 in order to recover the esterified samples. The esterified lignin was washed with acidified water before being freeze-dried. The esterified sample was named as KC-EL and EFB-EL. The weight percentage gain (WPG) of EFB-EL and KC-EL were calculated according to, w w w 2 1 1 100 − × % where w 1 and w 2 are the weight before and after esterification respectively.
Analytical Characterizations
The FT-IR spectra of the esterified and non-esterified samples were recorded using a Perkin-Elmer 2000 spectrometer by using KBr pallet. The samples were scanned at a wavenumber range of 4000-650 cm -1 at 4 cm -1 resolution with 64 scans. The liquid state H-NMR analysis was accomplished by dissolving the EFB-EL and KC-EL in DMSO -d6 and analyzed using H-NMR Bruker 600 MHz equipped with Top Spin software. Thermogravimetric analysis (TGA) TA model Q500 was used to analyze the thermal stability of the samples. Then, 10 mg of each of the esterified samples were heated in the aluminum crucible until reaching temperatures of 800°C with the heating rate of 10°C/min under nitrogen atmosphere.
RESULTS AND DISCUSSION
Weight Percentage Gain (WPG)
In order to compare the efficiency of the solvents, the WPG of esterified lignin were collected as shown in Table 1 . It demonstrated that esterification of lignin in pyridine gives higher WPG of up to 118% and 95% for EFB-EL and KC-EL respectively when compared to esterification in aqueous alkaline. This is due to the role of pyridine in the esterification reaction that serves not only as a solvent medium but also acts as catalyst. Pyridine is an excellent nucleophilic Pyridine 95
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substitute especially for carbonyl groups as a lone pair of electrons around nitrogen efficiently enhances the esterification reaction. The decrement of WPG in aqueous alkaline media is due the hydrolysis of maleic anhydride and dissolution of low molecular weight lignin. The hydrolysis of maleic anhydrides ( Figure 1 ) brought about by the addition of a hydroxyl group in water lead to the formation of dicarboxylic acid which is maleic acid. Consequently, the presence of maleic acid affects the efficiency of esterification due to the acidic condition in the aqueous solvent. On the other hand, the lignin with low molecular weight was able to dissolve easily especially during the second precipitation stage after esterification was carried out.
FTIR
The spectra of soda lignin for EFB and Kenaf lignin were shown in Figure 2 and Figure 3 respectively to confirm the changes of functional groups before and after esterification. The EFB-EL and KC-EL in pyridine and aqueous alkaline showed some structural changes. The spectra revealed slightly different pattern and transmittance values for EFB-EL and KC-EL in both pyridine and aqueous alkaline samples as well. The peak that represents OH group (3450-3350 cm -1 ) for esterified samples in pyridine was narrower than in aqueous alkaline samples. It exhibited that the presence of hydroxyl groups decreased due to the reaction with maleic anhydride. This consequently proves that the esterification process in pyridine is more efficient than in aqueous alkaline. The low peak of 2640 cm -1 indicated the conjugation of lignin with anhydrides. The reduction of OH will ultimately increase the intensity of the peak around 1710 cm -1 which can be attributed to the presence of a carbonyl group in ester. This peak is rather stronger and sharper in pyridine medium than in aqueous alkaline. The weak peak around 1630 cm -1 was assigned to C C that conjugated with carbonyl group. The C-H absorption at around 1400 cm -1 and C-O stretching at 1210 cm -1 confirmed the formation of ester bonds. This peak can be clearly seen in the pyridine medium. From the FTIR results in Figure 2 and Figure 3 , it was found that the hydroxyl groups in lignin that were reacted with anhydride to form ester due to the reduction of OH peaks consequently increased the ester peak. This demonstrated that esterification was preferable and a more efficient method to take place in pyridine rather than in aqueous alkaline. Esterification in aqueous alkaline causes low degree substitution of ester group into the main structure [20] .
H-NMR
The esterification on the lignin of EFB and Kenaf can be proven through determination of ester and carboxylic acid by H-NMR as in Figure 4 and Figure 5 . The spectra confirmed the formation of ester group in EFB-EL and KC-EL samples. The ester signals observed at both 2.1-2.5 ppm and 3.5-4.8 ppm which belongs to hydrogen of carbon and hydrogen of oxygen attached to carbonyl respectively. The weak peak of COOH can be observed at 12 ppm especially for aqueous alkaline in both samples, EFB-EL and KC-EL. Other regions of interest were from 6-7.5 ppm and 8-8.8 ppm which represented aromatic protons and syringyl C5 phenolic hydroxyl [21] . Kenaf core samples showed that the raw material has an apparent impact when it has undergone esterification. Figure 6 shows the possible esterification reaction of syringyl type lignin in Figure 4 H-NMR spectra of (a) EFB-AL (b) EFB-EL in aqueous alkaline and (c) EFB-EL in pyridine Figure 5 H-NMR spectra of (a) KC-AL (b) KC-EL in aqueous alkaline and (c) KC-EL in pyridine Figure 6 Effect of different mediums of esterification on the esterified lignin structure aqueous alkaline and pyridine medium. The esterification occurred at the aliphatic hydroxyl group of lignin in both solvents. However, the formation of pendant carboxylic acid in aqueous alkaline tended to convert to carboxylate ion due to the presence of water.
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TGA
The thermal analysis was performed to determine which solvent gives better thermal stability of esterified lignin as illustrated in Figure 7 and Figure 8 . Figure 7 shows the TGA analysis of EFB-AL and EFB-EL and Figure 8 shows the TGA analysis of KC lignin (KC-AL and KC-EL) respectively. The dented curve at around 100°C was due to moisture loss in the samples. The thermal degradation pattern of purified and esterified oil palm EFB and kenaf core lignin were somewhat similar. All samples exhibited two stages in the thermogravimetric runs. Thermograms of EFB-EL and KC-EL in pyridine had a lower weight loss rate as compared to thermograms when esterified in aqueous alkaline medium. As depicted in Table 2 , KC-AL and KC-EL samples possessed higher thermal stability compared to oil palm EFB lignin. In addition, the E a of EFB-EL and KC-EL were higher in aqueous alkaline with 5.83 kJmol -1 and 13.52 kJmol -1 at an onset degradation temperature of 271°C and 333°C respectively.
Esterified lignin in aqueous alkaline have better thermal stability compared to the esterified lignin in pyridine. In aqueous alkaline esterified samples, the carboxylic group COOH tends to convert to COO -which is more resonant and thermally stable [22] . The residue percentage and activation energy (E a ) influenced the thermal stability of the samples. Besides, the origin structure and source of the lignin itself also contributed to the thermal stability of the samples [23] . 
CONCLUSIONS
This study has demonstrated that esterification of EFB-AL and KC-AL can be carried out either in pyridine or in aqueous alkaline. However, esterification in each medium has resulted in different chemical structures and thermal stabilities. The WPG of esterified lignin in pyridine increased drastically but decreased in aqueous alkaline medium. FT-IR and H-NMR analysis demonstrated that the esterification process occurred with the appearance of ester peaks and carboxylic acid in the esterified samples (EFB-EL and KC-EL). However, the spectra were slightly different prior to the reaction medium. Carboxylic acid that exists in EFB-EL and KC-EL in aqueous alkaline was converted to carboxylate group which thus increased the thermal stability of the samples. Finally, those samples also showed low degradation rates and higher activation energy as compared to esterified lignin in pyridine.
